is paper presents a proposed uniaxial damaged plastic constitutive relation of recycled aggregate concrete (RAC) based on the experimental studies. A total of five groups of RAC specimens with different recycled coarse aggregate (RCA) replacement percentages of 0, 25%, 50%, 75%, and 100%, respectively, are tested under both monotonic loading and cyclic loading. e effect of the RCA replacement percentage is thoroughly investigated on a variety of mechanical properties, including the compressive strength, the peak strain, and the elastic modulus. Based on the test results, a uniaxial damage plastic constitutive relation of the RAC is proposed within the continuous thermodynamics framework. After validated by the experimental results, the proposed damaged plastic constitutive relation of the RAC is applied to perform nonlinear analysis of the RAC columns under cyclic loading, which provides close predictions of the hysteresis behavior of the RAC columns.
Introduction
Due to rapid urbanisation in recent years, the engineering construction grows substantially worldwide, particularly in China. A large amount of waste concrete has been produced due to the renovation or demolition of existing buildings, which occupies a lot of land and may have a detrimental impact on the surrounding environment. erefore, how to dispose the waste concrete has become an important issue.
e recycled aggregate concrete (RAC) technology emerges as an effective way to reuse the waste concrete and thus attracts a lot of interests from the scholars and engineers [1] .
e RAC is mainly made of the recycled coarse aggregate (RCA) and/or natural coarse aggregate (NCA), natural fine aggregate, cement binder, and water. Compared with the NCA, the RCA generally has smaller apparent density, larger water absorption, and lower strength due to the inner damage resulted from the crushing process of the waste concrete [2, 3] .
Extensive experimental studies have been conducted concerning the compressive performance of the RAC. Some researchers [4] [5] [6] [7] [8] [9] found that the strength and elastic modulus of the RAC decrease while the deformation capacity increases with the increase in the RCA replacement percentage. However, other researchers [10] [11] [12] [13] [14] [15] draw contrary conclusions. ey found that the strength of the RAC gets improved with the increase in the RCA replacement percentage, which is because that the high water absorption rate of the RCA reduces the effective water participation in the cement hydration reaction, and thereby causes a lower effective water-cement ratio. In addition, some other researchers [16, 17] declared that the strength of the RAC does not change monotonically with the increase in the RCA replacement percentage.
In addition to the above studies, only a few scholars investigated the compressive stress-strain relation of the RAC and proposed the corresponding constitutive model. Bairagi et al. [18] presented the ascending branch of the uniaxial compressive stress-strain curve of the RAC. ey found that both peak stress and curvature of the ascending branch of the curve increase with the increase in the RCA replacement percentage. Similar researches have been performed by other researchers [5, 12, 19] , where the full uniaxial stress-strain relation of the RAC under compression has been obtained. It is also found that increasing the RCA replacement percentage decreases the ductility as the descending branch of the stress-strain curve becomes steeper. By simply fitting the experimental curves, various constitutive relations of the RAC have been proposed [5, 12, 19] . However, the relevant studies are mainly focused on monotonic loading, whereas the mechanical properties of the RAC under cyclic loading remain unclear.
In recent decades, the continuum damage mechanics has been widely used to describe the nonlinear mechanical performance of the natural aggregate concrete (NAC). e proposed damage constitutive model appears to be capable of capturing well the key mechanical properties of the NAC, e.g., the stress softening in compression and the stiff degradation when unloading [20] [21] [22] [23] . Motivated by this method, this study is conducted mainly to propose the damaged plastic constitutive model of the RAC within continuous thermodynamics framework. To achieve this goal, a total of five groups of RAC specimens with different RCA replacement percentages are tested under both monotonic loading and cyclic loading. Based on the experimental results, the formulae are established for calculating the key mechanical properties, including the compressive strength, the peak strain, and the elastic modulus, as well as the plastic strain and the damage variable. After validated by experimental results, the proposed damaged plastic constitutive model of the RAC is further applied in the nonlinear analysis of the RAC columns subjected to cyclic loading.
Experimental Investigation of the RAC

Specimen Design.
For the RAC in this test, ordinary Portland cement with a 28 d compressive strength of 42.5 MPa is used. e fine aggregate is river sand, and the RCA is obtained by crushing the waste concrete specimens collected from the local quality inspection station. e compressive strength of the waste concrete specimens ranges from 30 MPa to 50 MPa.
e main physical properties of the coarse aggregate are summarized and listed in Table 1 . e ratios between the physical properties of the RCA and NCA are given as well. It can be clearly seen that the bulk density and apparent density of the RCA are smaller than those of the NCA, while the water absorption and crush index are substantially larger. It can be attributed to the presence of old mortar surrounded around the RCA. For both RCA and NCA, the grain sizes fall between 5 mm and 31.5 mm. Figure 1 plots the grading curves of the RCA and NCA, as well as the upper and lower bound specified in the code DG/TJ08-2018-2007 [25] , which shows that both are continuously graded and satisfy the code requirement.
In order to investigate the influence of the RCA replacement percentage on the mechanical performance of the RAC, a total of five groups of specimens are prepared using five different replacement percentages, i.e., 0%, 25%, 50%, 75%, and 100%. Note that the RAC placement percentage is defined as the ratio between the RCA weight and the total coarse aggregate weight. In the case of 0%, the RAC turns to the NAC. Each group includes three cube specimens with the size of 150 mm × 150 mm × 300 mm and six prism specimens with the size of 150 mm × 150 mm × 300 mm. e cube specimens are used to obtain the cubic compressive strength. e prism specimens are intended to measure the stress-strain curves of the RAC, among which three are tested under monotonic loading and the other three are tested under cyclic loading. e mix proportions of the RAC are determined according to the code DG/TJ08-2018-2007 [26] . Considering the high water absorption of the RCA, which reduces the effective water-cement ratio in the RAC and therefore exerts great impact on the mechanical performance of the RAC [17, 27, 28] , additional water is used in this study. Table 2 gives the mix proportions of the RAC corresponding to different replacement percentages, where the number in the first column denotes the RCA replacement percentage.
Test Scheme.
e specimens were water-cured under laboratory conditions for 28 days and were tested using the Instron electrohydraulic servo test machine as shown in Figure 2 . In the monotonic test, the displacement loading rate was kept as 0.02 mm/s, which corresponds to a strain rate of 67 × 10 −6 /s. Unlike the monotonic test, the hybrid loading scheme was adopted for the cyclic test. For each cycle, the specimen was first loaded with the strain rate of [24] (under the Creative Commons Attribution License/public domain)). −6 /s and then unloaded at the rate of 10 kN/s until the load is zero. e maximum strain at each cycle was increased by about 1 × 10 −3 up to the failure of the specimen. e other relevant details can be seen in reference [24] .
As shown in Figure 2 , the axial force acted on the specimen was obtained by the force transducer, and the longitudinal and transverse displacements were measured using the displacement sensor.
e corresponding axial stress and strain are determined as follows:
where σ r and ε r are the stress and strain of the RAC, respectively; N and Δl represent the measured axial force and displacement, respectively; and A and l are the crosssectional area and length of the specimen, respectively.
Test Result
Compressive Strength.
For all specimens, the measured compressive strengths are listed in Table 3 , where f cu represents the cube compressive strength, f c,1 is the prism compressive strength under cyclic loading, and f c,2 is the prism compressive strength under monotonic loading. Note that the value is averaged over the three specimens with the same parameters. Figure 3 shows the average cube compressive strength of the RAC for different RCA replacement percentages and the average prism compressive strength under cyclic loading and monotonic loading, respectively, where r denotes the RCA replacement percentage. It can be seen that, on the whole, the compressive strength of RAC first decreases and then increases as the RCA replacement percentage increases.
is nonmonotonic variation trend was also observed by other researchers [15] [16] [17] . It can be resulted from the experimental randomness or the intricate interaction Advances in Materials Science and Engineeringmechanism between the RCA and NCA, which needs to be further investigated in the future study. In addition, it is found that, for the same RCA replacement percentage, the prism samples provide close compressive strength under both monotonic loading and cyclic loading, but the cube samples provide higher compressive strength than the prism samples as a result of the size effect. Figure 4 plots the ratios of compressive strength between the prism samples and the cubic samples corresponding to different RCA replacement percentages. It can be seen that the ratio generally decreases with the increase in the RCA replacement percentages, indicating that the size effect on the RAC strength appears more pronounced as the content of the RCA increases. It can be explained that the RCA has lower strength and lower interlock capacity between aggregates compared to the NAC because the RCA has more inner damages caused during the crushing process. erefore, as the RCA replacement percentage increases, the RCA has more disadvantageous influence on the strength of the prism specimen compared to the cube specimen since the former has a larger amount of RCA due to its larger size.
Suppose that α c1 is the ratio between the prism compressive strength and cubic compressive strength, i.e.,
Based on the experimental results, the following equation could be obtained using regression analysis: Table 3 also gives the average peak strain corresponding to the peak stress, where ε c,1 and ε c,2 denote the peak stain under cyclic loading and monotonic loading, respectively. Figure 5 shows the peak strain corresponding to different RCA replacement percentages. It can be seen that the peak strain generally increases as the RCA replacement percentages increases. For example, as r changes from 0% to 100%, ε c,1 and ε c,2 increase by about 29% and 23%, respectively. is finding is consistent with that from some other researchers [5, 19, 29, 30] . e increase in the peak strain with the increase in the RCA replacement percentage is mainly due to the reduced elastic modulus of the RCA [5, 19, 30] . To approximately estimate the peak strain of the NAC from the compressive strength, the European standard BS EN 1992-1-1 [31] and the Chinese standard GB50010-2010 [32] give the following relations, respectively: 
Peak Strain.
where f cm is the cylinder compressive strength and can be set as 0.80f cu in the absence of test data. Referring to the above equations, the following similar relations are assumed for the RAC.
where α ε is the coefficient to consider the influence of the RCA replacement percentages. Using the above two equations, the values of α ε corresponding to different RCA replacement percentages can be obtained based on the experimental results. It can be seen in Figure 6 that α ε generally ascends linearly with the increase in the RCA replacement percentage.
rough regression analysis, the following relations regarding equations (5a) and (5b) can thus be established, respectively:
e fitting curves are also shown in Figure 6 . It can be seen that equations (5a) and (5b) both yield a satisfactory estimate of the peak strain of the RAC based on its compressive strength. Table 3 also lists the average elastic modulus and secant modulus, where E c1 and E c2 represent the elastic modulus under cyclic loading and monotonic loading, respectively, while E s1 and E s2 are the secant modulus corresponding to the peak point on the stressstrain curve under cyclic loading and monotonic loading, respectively. In this study, the elastic modulus is taken as the secant slope at the point on the stress-strain curve where the stress equals 0.4f c . Figure 7 shows the elastic modulus of the RAC corresponding to different RCA replacement percentages. It can be seen that the elastic modulus generally decreases with the increase in the RCA replacement percentage. It is similar to the observations made by other researchers [6, 7] , which is mainly attributed to that more inner defects exist in the RCA compared to that in the NCA. In addition, Figure 8 shows the relation between the elastic modulus and secant modulus of the RAC. It can be found that the ratio between the two modulus ranges between 2.2 and 2.4, irrespective of the RCA replacement percentage.
Elastic Modulus.
For the NAC, the European standard BS EN 1992-1-1 [31] gives the following relation between the elastic modulus and compressive strength:
where α E is the coefficient to account for the influence of the coarse aggregate type. e above equation is extended in this study to establish the relation between the elastic modulus and compressive strength for the RAC, where α E is redefined as the coefficient to reflect the influence of the RAC replacement percentage. Similarly, the Chinese standard GB50010-2010 [32] also provides the formula of calculating the elastic modulus from the compressive strength for the NAC as follows:
By introducing the coefficient α E , the following equation can be also formulated to describe the relation between the elastic modulus and the compressive strength for the RAC:
Utilizing equations (7) and (9), the values of α E corresponding to different RCA replacement percentages can be obtained using the experimental data. It can be seen in Figure 9 that α E generally drops with the increase in the RCA replacement percentage. By regression analysis, the following relations corresponding to equations (7) and (9) can be established:
Stress-Strain
Curve. e stress-strain curves averaging over the three specimens corresponding to different RCA replacement percentages under cyclic and monotonic loading are shown in Figures 10(a)-10(e) .
e skeleton curves pertaining to the stress-strain curves under cyclic Advances in Materials Science and Engineering 5 loading are also plotted in these figures, which are obtained by connecting the peak point of each hysteresis loop. It can be seen that the skeleton curve under cyclic loading is close to the stress-strain curve under monotonic loading. Furthermore, as the RCA replacement percentage increases, the discrepancy tends to be even smaller.
To further investigate the effect of the RCA replacement percentage on the stress-strain curve, these skeleton curves are plotted all together in Figure 10 (f). It is observed that these curves nearly coincide when the stress is relatively small (<16 MPa), showing that the RCA replacement percentage has little effect on the ascending branch of the curves, especially in the elastic range. However, beyond the elastic range, obvious difference can be found on the curves in terms of the peak stress and descending branch. In general, similar to the NAC, the higher the peak stress of the RAC, the steeper the descending branch of the skeleton curves.
In addition, it can be seen from the hysteresis curves under cyclic loading that the average slope of unloading branch or the reloading branch decreases as the strain at the unloading point or reloading point increases. It can be attributed to the development of damage resulted from the propagation of inner microcracks in the specimens. Moreover, it is worth noting that the average slope of an unloading branch is close to that of the subsequent reloading branch.
Uniaxial Damaged Plastic Constitutive
Relation of the RAC
Formulation of the General Uniaxial Damaged Plastic
Constitutive Relation. For the isotropic material under uniaxial stress, the total strain can be written as the sum of the elastic strain and plastic strain as follows: Figure 9 : Effect of the RCA replacement percentage on the values of α E corresponding to (a) equation (7) and (b) equation (9). 
Advances in Materials Science and Engineering
where ε e and ε p are the elastic strain and plastic strain, respectively. Let the Helmholtz free energy be defined as [33] 
where κ is the plastic internal variable and d is the damage variable. According to the second law of thermodynamics, the Clausius-Duhem inequality must be satisfied for the isothermal process:
Combing equations (12) and (13), we can have
Considering the arbitrariness of _ ε e , it yields
It is assumed that the elastic and plastic Helmholtz free energy are uncoupled [21] ; that is, the Helmholtz free energy can be decomposed into the elastic part and the plastic part as follows:
where ψ e and ψ p are the elastic part and the plastic part. us,
Assume the degradation of the Helmholtz free energy of the damaged material can be described by the damage variable d, which is expressed as
where ψ 0 (ε e , κ) is the initial Helmholtz free energy of the material without damage, which can be also decomposed into two parts as
where ψ e 0 (ε e ) and ψ p 0 (κ) are the initial elastic Helmholtz free energy and the initial plastic Helmholtz free energy. e initial elastic Helmholtz free energy equals the elastic strain energy [21] :
where E 0 is the initial elastic modulus. Substituting equations (19) and (20) into equations (18) and comparing with equations (16), it yields
Substituting equations (21) into equations (17), the general uniaxial damaged plastic constitutive relation is formulated as follows:
Uniaxial Damaged Plastic Constitutive Equation of the RAC
Description of the Constitutive Equation of the RAC.
From the experimental results, the typical stress-strain curve of the RAC under cyclic loading is schematically plotted in Figure 11 . At the initial stage of loading, the curve is perfectly linear. As loading continues, the curve bends gradually until the peak point. Beyond the peak point, the stress decreases as the strain increases due to the effect of stress softening. When unloading occurs, the curve proceeds from the unloading point to the residual point located at the strain axis, as shown in Figure 11 , and the plastic or residual strain is found upon the completion of unloading.
Since the unloading curve is close to the subsequent reloading curve, as seen in Figure 11 , they are both approximated by a line connecting from the unloading point to the residual point. ereby, the general uniaxial damaged plastic constitutive relation, as expressed in equation (22), can be employed directly to approximately describe the stress-strain relation of the RAC. According to equation (22) as well as Figure 11 , the damage variable can be expressed as
where E is the modulus of the unloading branch. For convenience, the stress and strain are expressed in the dimensionless form as follows:
ereby, equation (22) can be rewritten as
where E s is the secant slope pertaining to the peak point and x p is the normalized plastic strain, which are expressed, respectively, as
From equation (25) , it can be seen that the uniaxial damaged plastic constitutive equation of the RAC can be fully determined provided that x p and d are given, which are the main tasks in the following two sections.
Plastic Strain Equation of the RAC.
According to the experimental results under cyclic loading, the relation between the plastic residual strain and the total strain of the RAC is plotted in Figure 12 . It can be found that the plastic strain increases monotonically as the total strain increases. In addition, the RCA replacement percentage has a little effect on the relation. Assume the relation between the plastic residual strain and the total strain is exponential:
where m and n are constants to be determined. By fitting the experimental data, it can be obtained that m � 0.50 and n � 1.35. e fitting curve is also shown in Figure 12 . It can be seen that the proposed equation (27) provides very close prediction of the plastic strain. Figure 13 shows the relation between the plastic strain and the total strain of the RAC obtained from another experiment [34] and the predictions using equation (27) . It can be seen that the proposed relation still has a good accuracy.
Damage Evolution Equation of the RAC.
For the NAC, Qian and Zhou [35] proposed an empirical damage evolution equation based on the experimental results, in which the damage evolution is described by a continuous smooth piecewise curve. is equation is modified in this study to describe the damage evolution process of the RAC as follows: RAC-100 Equation (27) x p x Figure 13 : Comparison between the plastic strain and the total strain of the RAC obtained using equation (27) and from reference [34] .
where A 1 , B 1 , A 2 , and B 2 are the constants which can be determined by the boundary conditions and C 2 and D 2 are the parameters which controls the shape of the stress-strain curve and are determined simply by fitting the experimental data. Substituting equations (26) and (27) into equations (25) and considering the following boundary conditions at the peak point of the stress-strain curve:
the values of A 1 , B 1 , A 2 , and B 2 can be determined as
In addition, according to equation (23) and the experimental data, the values of C 2 and D 2 are obtained through regression analysis as follows: Figures 14 and 15 show the relation between the damage variable and the total strain obtained in this study and from Liu et al. [34] together with the damage evolution curve, as described in equation (28), of the RAC corresponding to different RCA replacement percentages. It can be seen that, for the RAC, the damage develops slowly until the stress reaches the peak stress. After that, the damage grows rapidly and then tends to slow down as the plastic deformation increases. Overall, the proposed damage evolution equation can well predict the damage evolution process of the RAC under cyclic loading.
Verification of the Proposed Constitutive
Relation of the RAC Equation (25) along with equations (27) and (28) forms the fundamental equations for the uniaxial damaged plastic constitutive relation of the RAC. e key material parameters include f c , ε c , E c , and r. Since the two middle parameters can be estimated by the other two ones, as seen in equations (5a), (5b), (7), and (9), the proposed uniaxial damaged plastic constitutive relation can be fully described only by the compressive strength of the RAC and the RCA replacement percentage. In order to validate the proposed constitutive relation in the monotonic loading scenario, the calculated stress-strain curves of the RAC using the proposed model are compared with the experimental ones obtained in this study and from other scholars [16, 29] , as shown in Figure 16 . It can be seen that the predictions using the proposed model has a fairly close agreement with the experimental results under monotonic loading.
In addition, verification is also made in cases of cyclic loading. Figures 17 and 18 show the computed stress-strain curves of the RAC using the proposed model and the experiment ones obtained in this study and from Liu et al. [34] , respectively. Again, a close agreement has been achieved, indicating that the proposed model can be used to well capture the hysteresis behavior of the RAC under cyclic loading.
Application of the Proposed Constitutive Relation of the RAC
In the former sections, the uniaxial damaged plastic constitutive relation of the RAC was proposed and validated using the experimental results. In this section, the proposed constitutive relation of the RAC is programmed into ABAQUS by the UMAT subroutine [36] , which is then applied in the nonlinear analysis of the RAC column under cyclic loading. Since the tensile strength of the RAC is a lot smaller than the compressive strength, the tensile behavior of the RAC is neglected for simplification purpose. A total of four RAC columns involved in the experimental study [37, 38] are selected in the case studies. Figure 19 shows the dimensions and reinforcement details of the RAC columns. e key relevant material properties are listed in Table 4 , where f y and E are the yield strength and elastic modulus of longitudinal rebars, respectively, and N is the axial force. It can be seen that the two columns are almost identical except for the axial force and the RCA replacement percentage.
e column is modeled by the B31 element, and the developed RAC material is adopted. e longitudinal rebar is defined by adding * rebar keywords in the input files, and the elastic-perfectly plastic material is adopted. Note that the effect of stirrups is ignored in the analysis. e computed lateral force vs. displacement curve at the top of the RAC columns is plotted in Figure 20 . It can be seen that, compared to specimens RCZ-0 and RCZ-100, specimens NCCC-1 and NCCC-2 have more significant pinching effect due to their smaller slenderness ratios. e computed results can properly reflect this tendency. Overall, the computed results agree well with the test ones, indicating that the proposed damaged plastic constitutive relation of the RAC is capable of capturing the hysteresis behavior of RAC columns under cyclic loading.
Conclusion
In this paper, a total of five groups of RAC specimens with different RCA replacement percentages are tested under both monotonic loading and cyclic loading. Based on the test results, the damaged plastic constitutive relation of the RAC is proposed within the continuous thermodynamics framework. Finally, the proposed RAC constitutive model is programmed into the software ABAQUS to analyze the RAC columns under cyclic loading. Based on this study, the following main conclusions can be drawn:
(1) e peak strain and elastic modulus of the RAC has a good correlation with the compressive strength. e formulae proposed in this study can be used to Reference [28] Reference [16] Reference [28] Reference [16] while attaining a good accuracy in capturing the hysteresis behavior of the RAC columns under cyclic loading.
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